Multiplexed thermal desorption spectroscopy was used to study the influence of preadsorbed and postadsorbed deuterium on a methanol monolayer on Pd͑111͒. In particular, the effect of atomic deuterium exposure on the reaction products was examined in detail. Preadsorbed deuterium hinders the formation of chemisorbed methanol and favors physisorption of methanol. This leads to a strong reduction of methanol dehydrogenation during sample heating. Postadsorption of molecular deuterium also changes partially chemisorbed to physisorbed methanol. No deuteration of methanol is found under these conditions. With atomic deuterium exposure, however, significant amounts of deuterated methanol, from methanol-D1 through methanol-D4, can be produced. In addition, D exposure also causes an increased dehydrogenation probability during sample heating. The probabilities for methanol deuteration, for methanol dehydrogenation, and for D-atom bulk absorption have been determined quantitatively.
I. INTRODUCTION
The chemistry of methanol on metal surfaces has been the subject of numerous investigations since many modern technologies are based on the dissociation ͑e.g., fuel cells͒ or the synthesis of methanol ͑e.g., petrochemical industry͒. One of the important issues in this context concerns the activation of the O-H, C-O, and C-H bonds involved, which basically determines the intermediate and final products of methanol decomposition. The individual reaction routes depend strongly on the type of the metal surface ͑noble metal, transition metal͒, the geometric surface structure ͑flat or rough surfaces, surface defects͒, the chemical composition of the surface ͑impurities, coadsorbates, surface alloys͒, as well as on the surface temperature and the methanol partial pressure. It is therefore not surprising that the specific routes of methanol decomposition on individual metal surfaces are sometimes still a matter of controversy.
Palladium is one of the transition metals which is frequently used as model catalyst material for methanol synthesis/decomposition. Many surface science studies have dealt with the methanol/palladium system to provide a detailed understanding of the single reaction steps in the methanol decomposition. In particular, for the system CH 3 OH-Pd͑111͒ a comprehensive data set is available. In one of the earliest investigations, Gates and Kesmodel 1 used high-resolution electron energy loss spectroscopy to elucidate the interaction of methanol with Pd͑111͒. They observed the basic features of this system, namely, that at 140 K methanol forms a chemisorbed and a physisorbed phase. They concluded that chemisorbed methanol is molecularly adsorbed and bonds with the oxygen lone pair to palladium and that no methoxy is formed. During sample heating some dehydrogenation takes place which finally leads to the desorption of hydrogen and carbon monoxide. The influence of oxygen on methanol adsorption was subsequently studied in some detail by Davis and Barteau 2 by applying thermal desorption spectroscopy ͑TDS͒. In that case, additional reaction products of formaldehyde, formate, and carbon dioxide showed up. The question as to the possibility of breaking the C-O bond of methanol on clean Pd͑111͒ is a matter of controversy ever since Winograd and co-workers 3-5 found the first evidence for this process by applying x-ray photoelectron spectroscopy ͑XPS͒ and secondary ion mass spectrometry. However, according to their experiments, the C-O dissociation should only take place in a very narrow coverage range around 1 ML of methanol. Whereas this observation has been confirmed by some other groups ͑Rebholz and Kruse by Zhang and Hu 9 also showed that the activation barrier for the C-O bond scission is much larger than for the O-H bond scission on the clean surface. One could therefore speculate that surface impurities and/or surface defects might be responsible for the C-O bond activation. In this context XPS and polarization modulated infrared reflection absorption spectroscopy experiments of Rodriguez de la Fuente et al.
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did not reveal a significant influence of the surface roughness on the C-O activation, but an influence of the surface temperature. With respect to the chemisorbed methanol state, it is still not unambiguously clear if it is a molecular state or a methoxy state.
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Recently, the production of hydrogen by steam reforming of methanol or decomposition of methanol has gained significant technological relevance for energy production with fuel cells. 12 In this context, the mutual interaction be- 
